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Implications of d,2_,2 symmetry and faceting for the transport properties of grain boundaries
in high-T. superconductors
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Grain boundaries in high superconductors have attracted wide interest for their potential in a variety of
applications and in fundamental studies of highsuperconductivity. Two recent experimental results provide
a basis for a better understanding of the grain boundary properties, the mechanisms of which, despite their
widespread use, are not yet completely understood. First, it is now well established that the order parameter in
many highT. cuprates has a predominatf_,> symmetry. Second, microscopy studies have revealed that
practical grain boundaries are comprised of facets having various orientations and typical dimensions of the
order of 10-100 nm. We analyze the combined effects of facetingdand,. symmetry on the transport
properties of highF, grain boundaries. It is found that these effects can partially account for the experimentally
observed reduction of the critical current densitywith increasing grain boundary angte The angular
dependence al.. for individual grain boundary facets may deviate considerably fromJtle) dependence
observed in standard measurements that employ macroscopic grain boundaries. This also holds for the product
of J. and the normal state resistivipy,. TheJ.p,, product measured for standard grain boundary junctions is
therefore not a direct measure of the intrinsic barrier properties. The faceting,and symmetry lead to an
inhomogeneous current distribution in the grain boundary which is different for the superconducting and the
normal states[S0163-18206)05521-X

Grain boundaries are extremely important for applicationsThe mechanisms to be described are not only relevant for
and for basic investigations of high: superconductors. high-T. grain boundary junctions, but, possibly in a modified
They are used as high-quality Josephson junctions in a varform, for other junctions as well, such as for
ety of device applications. Owing to their critical current- superconducting-normal-superconductit®8NS step edg®
limiting properties, they are also the focus of research orand ramp-type devic&Sor for junctions written by direct
large current applications of high: superconductors. Fur- electron beai??! or ion beam irradiatioR?
thermore, their unique properties provide insight into the The electronic behavior of highz grain boundaries de-
fundamentals of high=, superconductivity, such as the sym- pends on the misorientation of the two grafAsA strong
metry of the superconducting order paramét@éDespite ex- decrease of the critical current densily with increasing
tensive research conducted on hifjhgrain boundaries, the misorientation angler was revealed by Dimost al?*?*and
mechanisms determining their behavior are still under debatvanov et al?® To illustrate this decrease, a compilation of
and a complete quantitative understanding has not yet beeh(«) data of YBgCuz;0,_, boundaries, extracted from
achieved. Refs. 24—-47 is presented in Fig. T£4.2 K). Although

Recently, two properties of the highs cuprates, highly there is substantial scatter in the data, which partly reflects
relevant for current transport across grain boundaries, hawdifferences in film quality, it is obvious thaf, drops
become established experimental facts. First, several expestrongly (over more than three decadless « is increased
ments provided clear evidence that the symmetry of the ordeffom 0° to 45°. To a first approximation, this decrease is
parameter of many higfiz superconductors id2_y2 (Refs.  exponential:J;~2x 107e("%1%) Acm~2 (a in degrees
1,3-8 or d,2_y2 mixed with ans-wave componertt.Here  Symmetric and asymmetri¢001] tilt, [100] tilt, and [001]

x andy denote the directions of tha and b axes of the twist boundaries apparently show the same behavior. This
cuprates, or vice versa. Second, transmission electron msuggests that the exponential droplgfs independent of the
croscopy(TEM) has disclosed that thin-film grain bound- grain boundary typé*

aries are generally composed of facets having typical dimen- Grain boundaries withw=8° are known to behave like
sions of the order of 10—100 n#iz1” The facet orientations strongly coupled Josephson junctiéiié® The product of
and lengths depend on the grain boundary configuration, otheir critical current densityl; and their normal state resis-
the highT, material, the substrate, the conditions used fortivity p, drops with increasing misorientatian In Fig. 2a),

film deposition, and the presence of defects. Faceting, whicB.p, is plotted as a function at for those samples of Fig. 1
takes place in all three dimensions, is a consequence of tfer which the J.p, value was reported. As a function of
growth modes of the cuprates and is observed for graiwritical current density, thd.p,, product seems to vary ap-
boundaries fabricated by the usual techniques employing biproximately as J.)%, as noted by Russeit al?° and Gross
crystals, biepitaxial growth, or step edges. Here, we shalet al?” and shown in Fig. @).

attempt to clarify the implications of,2_y2 symmetry and Several mechanisms have been suggested to limit the cur-
faceting for the transport properties of the grain boundariestent flow across high; grain boundarie&’ Clearly, a reduc-
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FIG. 1. Experimentally observed dependence of the critical cur-
rent density]., of thin-film grain boundary junctions on the misori-
entation anglew (T=4.2 K). The data have been compiled from
Refs. 24-27. In cases where only the valueTat77 K was re-
ported, the value expected Bt=4.2 K has been extrapolated using
the temperature dependenceJgfdescribed in Ref. 48. A distinc-
tion has been made between symmet@®1] tilt boundaries
(a1=a,=al2) (solid squares asymmetric[001] tilt boundaries
(a1# ay, one of these angles usually being 0Qpen circleg

Jepn (MV)

(b)

symmetric[100] tilt boundarie(upright triangley, symmetrid001] 0.01 > """"3' ""'"'4' "'"'"5' """"6' 5
twist boundarieginverted triangles grain boundaries in polycrys- 10 10 10 10 10 10
talline films (diamond$, and basal plane tilt grain boundarigslid Jo (A/cm?)

circles.

FIG. 2. Experimentally observed dependence oflhs, prod-

tion of the order parameter claused by structural disorder a#'hcésc;ns(:?nt;'zsn:)'fsg:'genltig‘:cvﬁr;?&'g \(NTaS ‘r‘ezp (i)te"’(‘jn_? (l:2 ;CK’) f?r:
Soc_lat_ed with _the bou_nt_jafrv or by dey|at|ons from bUIk cases where only the value @t= 7n7 K was reported, the value
stoichiometry in the vicinity of the grain boundary will re- expected aT=4.2 K has been extrapolated.

duce J..%2 It was also realized very eaffythat a non-

s-wave-type symmetry of the superconducting order param- - -

eter would provoke an angle-dependé@pt However, as the Je x1(Ng) x2(N2). 1)
observed].(«) dependences for grain boundaries with dif-

o . 7 Jhe vectornm indicates the orientation of the interface nor-
ferent types of misorientations did not show the expecte

disparate behavior, it was concluded that this is not the dom|mal with respect to the crystal lattice on side The X(n)
49 functions account for the symmetry properties of the order
nant mechanism controllind..” In the evaluation of the

¢ . arameters and for their orientations with respect to the
angular dependence df the implications of a,2_,2 sym- b P

metry of the superconducting order parameter have, to odpoundary. In principlex(n) can be extended to include all
knowledge, never been considered together with the facetd@ctors that influencd. and depend om,,. An expression
microstructure of the grain boundary. Here, we attempt tdor x(n) is yet to be experimentally established for the vari-
assess these contributions to the obsedi¢d) dependence 0us highT, superconductors. In search of a first ansatz for a
and identify additional consequences for the behavior ofuperconductor witd,2_,> symmetry, we follow Sigrist and

grain boundaries in highi superconductors. Rice to obtain
Current transport across a hidh-grain boundary in the . ) )
superconducting state depends on the order parameters of X(Np) =Ng s —N5 2

both grains close to the interfaésee, e.g., Ref. 53and, if

the order parameters are anisotropic, on their orientationgvherenny , andny, , are the components o, in the crystal
The following expression for the dependenceJgfon the  basis on siden. We emphasize that E2) takes only cur-
orientations of the order parameters has been given by Sigrisent flow parallel ton into account. Accounting in addition
and Rice®*>® for off-directional current components would enhance the
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angular dependence Q(ﬁ) It may be argued that the pres- As we restrict our discussion to the effect&i}f_yz sym-
ence of the grain boundary disturbs the symmetry propertieB1etry onJ., Egs.(1)—(3) may provide an appropriate start-
of the grains close to the boundary_ It is assumed, howevei{’lg point to describe the |nd|V|duaI fa_cets. WIththIS and with
that this is not a dominating effect becaue_,> symmetry the knowledge of the facet orlentatlonsaprowded by TEM
was found in several experiments, only some of which in-studies the local critical current densily(r) can be evalu-
volved grain boundary junctions. One could also imagineated. Figures @)—5(d) show the faceted boundary lines of
because orthorhombic highs cuprates are usually twinned, various grain boundaries on bicrystalline substrates extracted
that the sign of the order parameter varies from twin domairfrom TEM studies reported in the literatut&!>® Also
to twin domain. For energy reasons, however, the order pashown are the correspondin@c(F) dependences derived
rameter has only one orientation across the entire grain, ggom Eq.(3).
shown by tricrystal ring gxperiznen’csTherefore we will not Obviously, the faceting together witth,>_,> symmetry
differentiate between tha andb axes of the cuprate super- causes the critical current density to be very inhomogeneous
conductors.

For clarity, we will focus in the following orf001] tilt

boundaries, which are the ones most commonly used. For 107 T
this configuration, Eqs(1) and(2) yield symmetric, Eq.3
0.8
3o T1_[(sinay)?— (cosy)?]. ® = g6l poymmetre &2 1
m=1,2 =3 .
o J dy2.y2 .
Here, a,, (m=1,2) is the smallest angle between the grain % ¢4 and faceting 4
boundary plane and a principal axia ¢r b) of grainm, as
sketched in Fig. 3. 02 experimental _
In Fig. 4a), theJ.(«) dependence following from E¢3) | @ data

is presented for straight, symmetric boundarie&; (
=a,=af2) and for completely asymmetric boundaries 0 ' I T T I I T I
(a1=a, a,=0°). For agiven anglex<45° the symmetric 0 5 10 15 20 25 30 35 40 45
boundaries are those with the highdst Figure 4b) shows @ (degree)

the same calculations on a logarithmic scale. Based on these
calculations, an appreciable difference in the experimentally
observed angular dependencelgfbetween symmetric and
asymmetric boundaries is expected. Also shown in Fig®. 4

and 4b) is the experimentally observeld( «) obtained from

Fig. 1. It is evident that,._,» symmetry by itself can ac- S ]
count for only a minor part of the experimentally observed = 10°2
reduction ofJ., in particular for symmetric grain bound- <

aries. For instance, for the widely used symmetric 24° and
36.8° boundaries reductions of 17% and 36% are derived

T

d,2.,2 symmetry

-1
1077 and faceting

experimental
data

coaond

-3 o
from Eqg.(3), whereas the experimentally observed drops are 10 3
about two and three orders of magnitude, respectively. For 1 (b)
asymmetric boundaries the calculated reductions are 33%  45-4 ———TTT
and 72%, respectively. 0 5 10 15 20 25 30 35 40 45
For these calculations, the grain boundaries are assumed o (degree)

to be straight. As mentioned above, practical grain boundary

junctions consist of facets with various orientations. We will g5 4 (a) Angular dependence of the critical current density
show below that the faceting strongly enhances the influence c4iculated according to Eq3) for the symmetric boundary
of dy2_y2 symmetry on the angular dependencelof For (4, = a,=/2) and the completely asymmetric boundary € a,

the sake of C|al’ity we will first consider Only the faceting in (12200). Also indicated are the experimenta”y observed depen_
the plane parallel to the substrate surface and omit the infludence and the angular dependencd oéttributed to the combined
ences of the boundary plane tilt with respect to the substrateffects ofdy2_,» symmetry and facetingb) Same aga) on a loga-
normal. rithmic scale.
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FIG. 5. Faceted grain boundary line extracted from TEM studies reported in the literature and corresponding spatial distrilution of
according to Eq(3) and neglecting microstructural propertiéa) Symmetric 23°(Ref. 16, (b) symmetric 36°(Ref. 15, (c) symmetric
38° (Ref. 16, (d) symmetric 67°(Ref. 13, equals asymmetric 23°a =33.5°, @,=56.5°). In these figures, denotes the position along
the grain boundary, following the meandering path of the boundary. The length scales indicated apply for the depicted faceted grain
boundary line as well as for the calculated spatial distributiod.of(e) Fractional area of facets with.=0 (open circley and of 7 facets
(solid squaresfor the grain boundaries analyzed here.

across the boundary. It has been reported in several studie$ the grains;>*>*>%such as the facets oriented parallel to
that grain boundaries on bicrystalline substrates consighe (110 plane of one of the grains |44|=45°,
largely of facets corresponding to the bicrystal misorientad«,|=|a—45°), which according to Egs(1)—(3) have a
tion and of facets that correspond to a low-index plane of oneero critical current, and the completely asymmetric facets
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oriented parallel to th€100) plane of one of the grains 3.0 —— — T | ——
(a;=a, a,=0°). Asmentioned above and shown in Figs.
4(a) and 4b), these facets have a lod, particularly for 25 - .
large .
Furthermore, it is a striking consequencedt 2 sym- 20 | .
metry that for facets with z
- . - 2 15} .
|avy-ari(r)| <45°<[ap+ ay(r)| S
or |a2+af(F)|<45°<|al—af(F)|, 4) 1.0 ;MW il
the sign ofJ. is opposite to the sign af,, for facets that do 05 |-
not comply with this condition. In other words, in the ab-
sence of magnetic flux in the boundary, the phase differences 0 1'5 : 1'0 ' é : (') ' é 1'0 : 1'5 o
of the superconducting order parameters over the boundary i i i i H. (@)
a

differ by  for these different facet types. In E@), a;(r) is
the angle between the facet and the macroscopic boundary - ) ) o
plane illustrated in Fig. 3. FIG. 6. Critical currentS as a function of applied magnetic field

The order parameters of the grains will adjust their signdia applied parallel to the-axis direction for a 1g:m-wide and
such that the total critical current of the grain boundary junc-22-nm-thick bridge across an asymmetric 43001] filt
tion will be positive. In the following, we will refer to facets YB22CUsO7-x grain boundary &,=45°, a,=0) at 4.2 K. The
with positive critical current densities as 0 facets and thos@resented_c Is the average Of_thec values obtalne_d V.V'th positive
with negatived, values asm facets. Typically, the 0 facets and negative current bias, using a - voltage criterion.
correspond to the facets that comply with E4); an excep-
tion is shown in Fig. &) for a symmetric 67° grain bound-
ary.

The negativel; values of ther facets efficiently reduce
the total critical current of the grain boundary. A consider-
able decrease al. with increasinga is attributed to this
mechanism. Whereas for the symmetrical 23° grain boun
aries only a fewsr facets can be identifiedess than 5% of
the junction area; see Fig(a], for the symmetric 36° grain
boundaries the fraction of facets can be as high as 20%;
see Fig. Bb). The fractional area of facets with=0 and of
7 facets is indicated as a function afin Fig. 5e) for the
grain boundaries analyzed here.

attributed to faceting and symmetry effects. It is obvious that
J. is also strongly reduced by other mechanisms, such as
disorder effects or deviations from bulk stoichiomeity?

From the previous it is clear that straight grain boundaries
of different configurations are predicted to have different
d‘JC values for a given misalignment angle. Likewise, symmet-
ric and asymmetric boundaries are expected to differ in be-
havior. Therefore, aside from the value @fand the type of
misalignment, the respective, and «, values are also rel-
evant for the grain boundary transport properties. Although
the differences between the different grain boundary con-
figurations are expected to be quite large, they may, in a
practical experiment, be masked by faceting effects.

A spatially m_hom(_)geneous critical current den_sny N After having discussed the influence af._,2 symmetry
grain boundary junctions, on the length scales discussed ; M .
nd faceting on thd.(a) dependence, we now turn to their

here, Nas becn RIOR0SEd oY yarious gfoups; sce. &g gfiﬁﬂueme on the magneic field dependence of the grain
results naturally frond,2_,> symmetry and faceting, even oundary critical currents(H,). A boundary with a highly

leading to regions with negative critical current densities ini"homogeneous,(r) will display strong deviations from a

the junction. Fraunhofer-typel ((H,) characteristic, the hallmark of ho-
Faceting also leads to an increase of the effective graiffogeneous, small Josephson junctions. For boundaries with

boundary area, which is expected to enhance the critical cusmall misorientation angles, such as the widely used sym-

rent. This increase is estimated to be several tens of a percefetric 24°[001] tilt boundary, faceting and,2_,> symme-

and is not expected to play an important role in the angulaly may cause minor distortions of thg(H,) curves. For a

dependence ofl.. It is to be noted that for standard Symmetric 36.8°[001] tilt grain boundary junction the

c-axis-oriented films the grain boundary meandering in the! «(Ha) dependence commonly shows nonzero lower-order

> directi il lead h el h minima, which we attribute to faceting anj2_,2 symme-
¢ direction will lead to a Josephson current parallel to theyy The effects will become more prominent with increasing

¢ direction, for which Eq/(3) does not apply. a, in particular if @; or a5, is close to 45°. Indeed, for
With the J.(r) dependences presented in Fige)55(d), asymmetric 45°[001] tilt boundaries @;=0°, a,=45°),
the contribution of the combined effects of faceting andthe | .(H) dependence deviates notably from a Fraunhofer
dy2_,2 symmetry to the experimentally observed angular depattern due to the mechanisms described in Refs. 60-64.
pendence ofl; can be estimated. The resulting angle depenThis was noted by Humphrey al® and analyzed in detail
dence ofJ, ascribed to these combined effects is displayedby Copettiet al®® and by u$’ An example of such a non-
in Figs. 4a) and 4b). It is found that of the overall reduction Fraunhofer-likel .(H) characteristic is shown in Fig. 6 for a
of J. with «, a significant portion originates from2_,»  16-um-wide asymmetric 45f001] tilt grain boundary junc-
symmetry and faceting. For example, of the experimentallftion (a¢;=0°, a,=45°) patterned in a YBgCu;0;_, thin
observed reduction af,, for a symmetric 36.8° boundary by film with a thickness of 22 nm. We attribute the sharp in-
three orders of magnitude, roughly one order of magnitude isrease of . atH,~13 G to a certain degree of regularity by
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which YBa,Cuz;O,_, growth spirals are apparently ar- duced by(110 facets, withJ.=0, and by facets, with their
ranged at the boundary, leading to an array of O arfdcets.  negativeJ. values. Evidently, the intrinsid.p,(J;) depen-
Similar peaks were observed for other samples with compadence may deviate from the experimentally observed scaling
rable dimensions and film thicknesses. The magnetic fieldaw Jcpnoc(Jc)o'G.
dependence of the critical current for asymmetric #801] Owing to the mechanisms described above, the supercur-
tilt grain boundaries ¢, =45°,a,=0°) provides a very con- rent and the normal current will be distributed differently
venient tool to distinguish betweesitype superconductors over the grain boundary. This reduces, for example, the cor-
[showing a Fraunhofer-liké.(H,) dependenceand super- relation observed between the critical current noise and the
conductors with other symmetry properties of the order pafesistance noise. In accordance with experimental
rameter(showing a behavior as presented in Fiyy. 6 observation§®° this correlation is expected to decrease
Humphreyset al® suggested that the distortdd(H,) with increasing grain boundary angle, due to the enhanced
dependence arises from magnetic flux appearing spontanspatial inhomogeneity oﬂc(F). The different, inhomoge-
ously at the intersections of the facets. Copettal®® ana-  neous, spatial distributions of the supercurrent and the nor-
lyzed theoretically the behavior of rings containing only onemal current will affect the shape of the current-voltage char-
pair of 0 andw junctions. They concluded that these rings acteristic of the grain boundaries and the appearance of
spontaneously generate magnetic flux if the absolute valuegsonances, either self-induced or induced by external rf ir-
of the critical currents of the two junctions are equal. If thisradiation.
is not the case, the flux is only generated if the inductance is In conclusion, we have analyzed the effectsdpf_ 2
sufficiently large, as is, for example, the case in the tricrystasymmetry and faceting on the transport properties of high-
ring experiments.In the small inductance limit, the ring is T, grain boundaries. These effects account for a considerable
expected to generate no flux. Although this limit applies topart of the experimentally observed reduction of the critical
intragrain boundary effects, we anticipate spontaneous cueurrent densityd. with increasing grain boundary angle. We
rent flow and magnetic flux to appear due to the complexitypointed out that the intrinsic angle dependence ofs not
of the grain boundary, particularly for high-angle grain yet known and may deviate considerably from the angle de-
boundaries. The magnetic flux, which may cause a wealgendence observed for multifaceted grain boundary junc-
paramagnetism of the boundary, will be unquantized. It mayions. Owing to the combined effects of faceting and
appear throughout the boundary, will be of alternating signdxzfyz symmetry, thel.p,, product measured for a macro-
and will depend ord,(r) and on the effective inductance of scopic grain boundary junction may differ notably from the
the current paths. It may be enhanced at defects such as hokécroscopic value and is therefore not a direct measure of
or precipitates. If magnetic flux occurs spontaneously in théhe intrinsic barrier properties. This also holds for the experi-
boundary, the current-phase relation of the grain boundargnentally observed scaling behavior 8fp, with J.. The
junction will deviate from the ideal sinusoidal behavior. This faceting andd,2_,> symmetry may lead to additional effects
may lead to increased noise in the junction, particularly low-that originate from the inhomogeneous current distribution
frequency 1f noise. The effects discussed may also affectand from the difference in these distributions between the
phase-slip processes, which, e.g., determine the zero resigdperconducting and the normal states. The experimental
tance critical temperaturg,, of the grain boundary junction. data presented here apply to YE2u3;0,_, . For other high-
Until now, only supercurrents across faceted grain boundT cuprates the qualitative behavior will be similar, but may
aries have been discussed. In the following, we will also takée quantitatively different. The considerations presented here
the normal state transport properties into consideration. Theay help explain unexpected effects that can occur in experi-

normal state resistivitp,(r) is not affected by the symmetry Ments based on grain boundary junctions to probe the sym-
of the superconducting order parameter. It is, however, &'etry properties of the order parameter of hithsupercon-
function of the topology of the boundary and will therefore ductors.

be spatially modulated by the faceting in a way only partly  The authors acknowledge an early exchange of ideas
correlated to the modulation df . It is clear that, in addition \yith C.C. Chi and C.C. Tsuei on the effectsap_,2 sym-

to J., the J.p,(r) product will also vary along the grain metry on the angular dependence of the critical current den-
boundary. This variation o8.p, leads to a smoothing of sity and thank with pleasure J.G. Bednorz, K.A” It M.
structures in the current-voltage characteristics that are assPedersen, T. Schneider, M. Sigrist, and C.C. Tsuei for valu-
ciated with the energy gap of the superconductor. Js, able discussions. Part of this work was done in the frame-
product, measured for a practical grain boundary junction, isvork of the European Community Human Capital and Mo-
not a direct measure of the microscopigp,, and does not bility Network 3-TERM-HTSC-Devices, Physics of
necessarily characterize properties intrinsic to the junctiorThree-Terminal HighF, Devices, Contract No. ERB-
barrier. For example, the grain boundakyp, will be re- CHRXCT940523.

1C. C. Tsuei, J. R. Kirtley, C. C. Chi, Lock See Yu-Jahnes, A. 3J. H. Miller, Q. Y. Ying, Z. G. Zou, N. Q. Fan, J. H. Xu, M. F.
Gupta, T. Shaw, J. Z. Sun, and M. B. Ketchen, Phys. Rev. Lett. Davis, and J. C. Wolfe, Phys. Rev. Lef4, 2347(1995.
73, 593(1994. 4D. A. Wollman, D. J. Van Harlingen, D. J. Lee, W. C. Lee, D. M.
2p, Chaudhari and Shawn-Yu Lin, Phys. Rev. Létg, 1084 Ginsberg, and A. J. Legget, Phys. Rev. L&tt, 2134(1993.
(1994. 5D. A. Brawner and H. R. Ott, Phys. Rev.H), 6530(1994).



14 592 H. HILGENKAMP, J. MANNHART, AND B. MAYER 53

81. Iguchi and Z. Wen, Phys. Rev. B9, 12388(1994. 363, Alarco, Y. Boikov, G. Brorsson, T. Claeson, G. Daalmans, J.
’D. J. Van Harlingen, Rev. Mod. Phy&§7, 515(1995. Edstam, Z. lvanov, V.K. Kaplunenko, P.-A. Nilsson, E. Olsson,
8Y. Ishimaru, J. Wen, K. Hayashi, Y. Enomoto, and N. Koshizuka, H. K. Olsson, J. Ramos, E. Stepantsov, A. Tzalenchuk, D. Win-
Jpn. J. Appl. Phys34, L1532 (1995. kler, and Y.-M. Zhang, inVaterials and Crystallographic As-
9K. A. Muiller, Nature377, 133(1995. pects of HTc-Superconductivitedited by E. Kaldis(Kluwer
10¢, L. Jia, B. Kabius, K. Urban, K. Herrmann, J. Schubert, W.  Academic Publishers, Dordrecht, 199gp. 471-490.
Zander, and A. . Braginski, Physica 196, 211(1992. 877. G. Ivanov, J. A. Alarco, T. Claeson, P.-A. Nilsson, E. Olsson,
1S, J. Rosner, K. Char, and G. Zaharchuk, Appl. Phys. 168t. H. K. Olsson, E. A. Stepantsov, A. Ya. Tzalenchuk, and D.
1010(1992. Winkler, in Proceedings of the Beijing International Conference
123. A. Alarco, E. Olsson, Z. G. Ivanov, & . Nilsson, D. Winkler, on High-Temperature SuperconductivilBHTSC '92), edited
E. A. Stepantsov, and A. Ya. Tzalenchuk, Ultramicroscéfy by Z. Z. Gan, S. S. Xie, and Z. X. Zha@World Scientific,
239(1993. Singapore, 1992 p. 722.
13C. Tree holt, J. G. Wen, H. W. Zandbergen, Y. Shen, and J. W. M3®R. Kromann, P. Vase, Y. Q. Shen, and T. Freltoft, Applied
Hilgenkamp, Physica @30, 425(1994). Superconductivityedited by H. C. FreyhardfDGM Informa-
Y¥A. F. Marshall and C. B. Eom, PhysicaZD7, 239 (1993. tionsgesellschaft Verlag, Oberursel, 1998. 1355.
5B, Kabius, J. W. Seo, T. Amrein, U. hae, A. Scholen, M.  3°M. Strikovsky, G. Linker, S. Gaponov, L. Mazo, and O. Meyer,
Siegel, K. Urban, and L. Schultz, Physica231, 123(1994. Phys. Rev. B45, 12522(1992.
163, W. Seo, B. Kabius, U. Ihme, A. Scholen, and K. Urban, “°N. Khare and P. Chaudhari, Appl. Phys. L&5, 2353(1994).
Physica €245, 25 (1995. 41D, Koelle, A. H. Miklich, F. Ludwig, E. Dantsker, D. T. Nemeth,

D, J. Miller, T. A. Roberts, J. H. Kang, J. Talvacchio, D. B.  and J. Clarke, Appl. Phys. Le3, 2271(1993.
Buchholz, and R. P. H. Chang, Appl. Phys. Le8B, 2561 “’R. G. Seed, P. C. Dorsey, H. How, A. Widom, and C. Vittoria,

(1995. IEEE Trans. Appl. Supercon@dS-4, 149(1994.
18\, S. Dilorio, S. Yoshizumi, K.-Y. Yang, J. Zhang, and M. 43B. H. Moeckly and R. A. Buhrmann, Appl. Phys. Le5, 3126
Maung, Appl. Phys. Lett58, 2552(1991). (19949.
193, Gao, W. A. M. Aarnink, G. J. Gerritsma, and H. Rogalla, *Y. Ishimaru, K. Hayashi, and Y. Enomoto, Jpn. J. Appl. Pi8s.
Physica C171, 126 (1990. L1123 (1995.
20A. J. Pauza, A. M. Campbell, D. F. Moore, R. E. Somekh, and A.**M.-G. Méedici, J. Elly, A. Gilabert, O. Legrand, F. Schmidl, T.
N. Broers, IEEE Trans. Appl. SuperconiS-3, 2405(1993. Schmauder, E. Heinz, and P. Seid&hplied Superconductivity
ag, Tolpygo, S. Shokhor, B. Nadgorny, A. Bourdillon, J.-Y. Lin, S. Proceedings of EUCAS 95, edited by D. Dew-Hughes, IOP
Y. Hou, J. M. Phillips, and M. Gurvitch, Appl. Phys. Le@3, Proc. No. 148|nstitute of Physics Publishing, Bristol, 199%.
1696(1993. 1331.
223, S. Tinchev, IEEE Trans. Appl. Supercords-3, 28 (1993. 46D, J. Lew, Y. Suzuki, A. F. Marshall, T. H. Geballe, and M. R.
23D, Dimos, P. Chaudhari, J. Mannhart, and F. K. LeGoues, Phys. Beasley, Appl. Phys. Let65, 1584(1994.
Rev. Lett.61, 219(1988. 4TR. Cantor, L. P. Lee, M. Teepe, V. Vinetskiy, and J. Longo, |IEEE
24D. Dimos, P. Chaudhari, and J. Mannhart, Phys. Re¢1p4038 Trans. Appl. SupercondAS-5, 2927(1995.
(1990. 483. Mannhart, P. Chaudhari, D. Dimos, C. C. Tsuei, and T. R.

257. G. Ivanov, P.-A. Nilsson, D. Winkler, J. A. Alarco, T. Claeson, McGuire, Phys. Rev. Let61, 2476(1988.
E. A. Stepantsov, and A. Ya. Tzalenchuk, Appl. Phys. L&%. 49p. Chaudhari, D. Dimos, and J. Mannhart,Saoperconductivity

3030(199)). edited by J. G. Bednorz and K. A. Mer (Springer, Heidelberg,
263, E. Russek, D. K. Lathrop, B. H. Moeckly, R. A. Buhrmann,  1990.

and D. H. Shin, Appl. Phys. Let67, 1155(1990. 50M. F. Chisholm and S. J. Pennycook, Nat@&l, 47 (1997).
2’R. Gross, P. Chaudhari, M. Kawasaki, and A. Gupta, Phys. Rev>J. A. Alarco and E. Olsson, Phys. Rev.58, 13625(1995.

B 42, 10735(1990. 52D, M. Kroeger, A. Choudhury, J. Brynestad, R. K. Williams, R.
28\M. A. Hein, M. Strupp, H. Piel, A. M. Portis, and R. Gross, J. A. Padgett, and W. A. Coghlan, J. Appl. Phel, 331(1988.

Appl. Phys.75, 4581 (1994). 53G. Deutscher, ifEarlier and Recent Aspects of Superconductjvity
29K. Lee and . Iguchi, Appl. Phys. Let66, 769 (1995. edited by J. G. Bednorz and K. A. Mer (Springer, Berlin,
30R. Unger, T. A. Scherer, W. Jutzi, Z. G. Ivanov, and E. A. 1990, pp. 174—200.

Stepantsov, Physica 241, 316 (1995. 54M. Sigrist and T. M. Rice, J. Phys. Soc. Jiii1, 4283(1992.

313. Chen, T. Yamashita, H. Suzuki, K. Nakajima, H. Kurosawa, Y.5°M. Sigrist and T. M. Rice, Rev. Mod. Phy&7, 503 (1995.
Mutoh, Y. Hirotsu, H. Myoren, and Y. Osaka, Jpn. J. Appl. 564, Hilgenkamp, Ph.D. thesis, University of Twente, Enschede,
Phys.30, 1964(1991)). 1995.

32y. Y. Divin, H. Schulz, U. Poppe, N. Klein, K. Urban, P. M. S7E. Sarnelli, P. Chaudhari, M. Danling, and J. A. Lacey, IEEE
Shadrin, I. M. Kotelyanskii, and E. A. Stepantsov, Physica C  Trans. Appl. SupercondAS-3, 2329(1993.

256, 149(1996. 580. M. Froehlich, H. Schultze, A. Beck, B. Mayer, L. Alff, R.
33T Ogawa and T. Yamashita, IEEE Trans. Appl. Supercond. Gross, and R. P. Huebener, Appl. Phys. L&6, 2289(1995.
AS-5, 2204(1995. 597, Halbritter, Phys. Rev. B6, 14861(1992.

34R. Gross, ininterfaces in High-T Superconducting Systepes-  %°K. Char, M. S. Colclough, S. M. Garrison, N. Newman, G. Za-
ited by S. L. Shindeand D. A. Rudmar(Springer-Verlag, New harchuk, Appl. Phys. Let69, 733(199)); K. Char, M. S. Col-
York, 1994, p. 176. clough, L. P. Lee, and G. Zaharchuk, Appl. Phys. L&&.2177

35T. Doderer, Y. M. Zhang, D. Winkler, and R. Gross, Phys. Rev. B (1991).
52, 93 (1995. 5IN. G. Chew, S. W. Goodyear, R. G. Humphreys, J. S. Satchell, J.



53 IMPLICATIONS OF d,2_,2 SYMMETRY AND FACETING FOR . .. 14593

A. Edwards, and M. N. Keene, Appl. Phys. Le60, 1516 Lander, inProceedings of 2nd Workshop on HTS Applications
(1992. and New Materials edited by D. H. A. Blank(University of
62B. V.. Vuchic, K. L. Merkle, K. A. Dean, D. B. Buchholz, R. P.H. __ Twente, Enschede, 199%. 16. _
Chang, and L. D. Marks, J. Appl. Phy&7, 2591(1995; B. V. C- A. Copetti, F. Rders, B. Oelze, Ch. Buchal, B. Kabius, and J.
Vuchic, K. L. Merkle, K. A. Dean, D. B. Buchholz, R. P. H. , W- Se€0, Physica @53 63 (1995.
Chang, and L. D. Marks, J. Appl. Phy&7, 1013(1995. J. qunhart, B. Mayer, and H. Hilgenkamp, Z. Phys(iB be
83R. IJsselsteijn, Ph.D. thesis, University of Twente, Enschedegs published. .
) ! T T : . ! A. Marx, U. Fath, L. Alff, R. Gross, T. Amrein, M. A. J. Verho-
1994; D. Terpstra, Ph.D. thesis, University of Twente, En- even, G. J. Gerritsma, and H. Rogalla, Pmoceedings of 2nd
o schede, _1994- N Workshop on HTS Applications and New Materjadited by D.
Yu. A. Boikov, Z. G. Ivanov, A. L. Vasiliev, and T. Claeson, J. H. A. Blank (University of Twente, Enschede, 199%. 85.
Appl. Phys.77, 1654(1995. 69S. G. Hammond, Y. He, C. M. Muirhead, P. Wu, M. S. Col-
%5R. G. Humphreys, J. S. Satchell, S. W. Goodyear, N. G. Chew, clough, and K. Char, IEEE Trans. Appl. SupercoA®-3, 2319
M. N. Keene, J. A. Edwards, C. P. Barret, N. J. Exon, and K.  (1993.



